Introduction
Volatile organic compounds (VOCs) are generated from many human activities, notably smoking, chlorination of water, operating and refueling motor vehicles, and using solvents (reviewed by Wallace, 2001) . Some VOCs are known or suspected carcinogens, including benzene, 1,3-butadiene, formaldehyde, naphthalene, p-dichlorobenzene, perchloroethylene, styrene, and trichloroethylene. Thus, it would be reasonable to relate environmental VOC exposures to morbidity and mortality or to relevant biomarkers of effect. Yet, the epidemiology of VOCs has hardly been explored in nonoccupational populations.
People are exposed to VOCs in their homes and workplaces, while moving about, and during the varied activities of everyday life. Sources of VOCs can vary across locations (cities or neighborhoods, say), between persons at a particular location (due to different individual sources and lifestyle factors), and within persons over time (due to differences in activities, mobility, and environmental factors). Thus, in order to assess VOC levels properly, one should repeatedly monitor personal exposures while carefully documenting subjects' locations, sources of VOCs, lifestyle factors, and activities. Then, random-or mixed-effects models can be used to identify the determinants of exposure and to partition the variability of air levels across locations, and between and within persons. The fixed effects and variance components estimated under these models can be invaluable in designing and interpreting epidemiology studies.
Random-and mixed-effects models have been widely applied to investigate workplace exposures to all classes of airborne contaminants (including VOCs) (see, for example, Kromhout et al., 1993 Kromhout et al., , 1994 Symanski et al., 1996 Symanski et al., , 2001 Peretz et al., 1997 Peretz et al., , 2002 van Tongeren et al., 1997; Rappaport et al., 1999) as well as environmental exposures to NO 2 (Brunekreef et al., 1987; Spengler et al., 1994; Rijnders et al., 2001 ) and particulate matter (Janssen et al., 1997 (Janssen et al., , 1998 (Janssen et al., , 1999 . However, we are not aware of any applications of these models to environmental VOC exposures. This is surprising because several environmental studies have collected the repeated personal measurements to VOCs that are needed to apply such models, including the classic total exposure assessment methodology (TEAM) studies conducted in the US in the 1980s (reviewed by Wallace, 2001 ) and more recent investigations (e.g., Hoffmann et al., 2000; Kinney et al., 2002) .
In the current investigation, we use data from early TEAM studies to estimate variance components of random effects describing the variation in environmental exposures to nine VOCs 2 across US cities, between subjects within these cities, and within subjects over time. We also investigate the contributions of seasonal effects and assay errors to exposure variability. We then compare estimated between-and withinperson variance components from environmental VOC exposures with those observed in occupational studies. Finally, we use a simple exposure-health-effect model to estimate sample sizes required to study environmental exposures to benzene and perchloroethylene, two volatile carcinogens expected, on the basis of estimated variance components, to produce good and poor exposure information, respectively, for informative epidemiological studies.
Methods

Sources and Limitations of Data
Environmental exposure data were obtained from the TEAM studies conducted by the US Environmental Protection Agency between September 1981 and July 1987. The data were downloaded from an online database (THERdbASE (Total Human Exposure Risk database and Advanced Simulation Environment) at website: http://www.epa.gov/ heasd/edrb/therd/therd-home.htm). They consisted of concentrations of 20-26 VOCs in personal and outdoor air of residents of Bayonne, NJ; Elizabeth, NJ; Greensboro, NC; Devils Lake, ND; and Los Angeles, CA. Subject-identification numbers were included along with dates and periods of collection (day and night). These data are described in detail by Wallace (1987) in a report and by Wallace et al. in several published papers (Wallace, 1987 (Wallace, , 2001 Wallace et al., 1988 Wallace et al., , 1991 . For our analyses of TEAM data, we selected nine VOCs (see footnote 2) that were designated by Wallace as either ''ubiquitous chemicals'' or ''compounds very often but not always found'' (Wallace, 1987) . After comparing the downloaded data to published descriptions of the TEAM studies, we concluded that the online database included most TEAM measurements between September 1981 and May 1984, plus those from Los Angeles in 1987; the database is missing measurements from Denver, CO (1983) , Pittsburgh & Antioch, CA (1984) , Valdez, AK (1986) , and Elizabeth, NJ and Baltimore, MD (1987) . We excluded one set of NJ samples, collected in July-August 1982, because it had become contaminated prior to laboratory analysis (discussed in Wallace, 1987, p. 21) .
Briefly, TEAM investigators randomly selected subjects from each city based on stratified probability sampling of households. Personal air samples were then collected from each subject for two consecutive 12-h periods (day and night), and outdoor air samples were collected at the residences of a subset of subjects. Repeated measurements of some subjects were obtained in Bayonne and Elizabeth, NJ (2 measurements/subject) and in Los Angeles, CA (2-3 measurements/subject); the time lag between measurements was 25 days to 3 years. Although TEAM investigators collected extensive information from each subject regarding location, occupation, smoking, daily activities, and lifestyle factors, these variables were not included in the online database.
Personal and outdoor measurements were extracted from the TEAM database for the nine VOCs to be investigated. A small number of observations with air concentrations listed as zero were deleted (depending upon the compound the following numbers were deleted: 0-13 personal day measurements, 0-11 personal night measurements, 0-4 outdoor day measurements, and 0-5 outdoor night measurements). Depending upon the VOC, analyses of personal samples were performed with 398-558 pairs of day and night measurements, obtained from 356 to 445 subjects (some subjects had 2 or 3 measurements), while analyses of outdoor samples were performed with 158-289 pairs of day and night measurements, involving 150-179 subjects. Appendix A summarizes the sample sizes available for each VOC and city. The number of subjects with repeated personal measurements ranged from 42 to 111 (median ¼ 110), depending upon the compound.
For comparison with occupational exposure data, between-and within-person variance components of personal exposures, measured in a variety of workplaces over the full work shift, were obtained from a published analysis by Kromhout et al. (1993) . These variance components had been estimated with a one-way random effects model, using data from industrial surveys of 12 VOCs 3 from 62 occupational groups defined by job and factory (10,746 personal measurements were available from 855 workers.).
Statistical Analyses
Sources of variability across cities, and between and within persons, were first investigated using 24-h personal exposures of each VOC. Since histograms of VOC levels were right skewed (i.e., long tails to the right) and were heteroscedastic, models were applied after natural logarithmic transformation of the air levels. Let X hij represent the VOC concentration (mg/m 3 ) measured during the jth repetition for the ith person in the hth city, and let Y hij represent the natural logarithm of X hij . The following model was used to define three random sources of variation:
(for h ¼ 1, y, 5 cities; i ¼ 1, y, k h subjects in the hth city; j ¼ 1, y, n hi measurements of a particular VOC from the ith subject in the hth city). In Model (1), m y represents the true unknown mean of logged VOC levels, a h is the random effect of the hth city, b hi is the random effect of the ith person in the hth city, and e hij is the random-error effect of the jth measurement from the ith person in the hth city. It is assumed that a h , b hi , and e hij are each normally distributed, and mutually independent, with means of zero and variances of s We investigated the variability of 24-h personal concentrations of VOCs separately in NJ and CA samples during different seasons of the year (NJ: winter, summer, and fall; CA: winter, spring, and summer) using the following mixed model: (2) with those from the one-way random-effects model (also applied separately to NJ and CA data) of the form:
where b i and e ij are assumed to be normally distributed and mutually independent, with means of zero and variances s (Wallace, 1987; Wallace et al., 1988) . The variance component associated with assay error was estimated asŝ s Rappaport, 1991) , and its proportional contribution to the within-subject variance component asŝ s Finally, Model (1) was applied in balanced form for H cities, k h ¼ k subjects/city, and n hi ¼ n measurements/subject, in conjunction with a measurement error model reported by Tielemans et al. (1998) , to predict sample sizes for epidemiological studies of selected VOCs. In our context, this model assumes that a continuous health outcome for the ith person in the hth city (R hi ) is related to exposure by
where y 0 is the background outcome, y 1 is the true regression coefficient for exposure, m yhi is the true unobservable (logged) exposure of the ith
(1)) in the hth city, and e hi is the error term assumed to be normal with mean zero and variance s 2 e . When y 1 40, we show in Appendix B that the following inequality can be used to estimate sample sizes (i.e., sets of values of H, k, and n, and hence total numbers of measurements (Hkn)) required so that the lower limit of a 100(1Àa)% confidence interval for y 1 exceeds zero with probability at least (1Àb):
In Eq. (5), z 1Àa=2 is the 100ð1 À a=2Þ percentile of the standard-normal distribution and z 1Àb is defined accordingly. Equation (5) e , analogous to a squared 'signal-to-noise ratio', was arbitrarily set to values of 0.25, 1.0, and 4.0, a range that should contain most realistic scenarios. For example, in a relevant biomarker study, the (logged) level of benzene oxide-albumin adducts was found to be linearly related to (logged) occupational benzene exposure, with an estimated value of y 2 1 =s 2 e ¼ 1.28 , which is roughly in the middle of this range.
All statistical procedures employed SAS software (v8.2, SAS Institute, Cary, NC, USA). Estimates of parameters in Models (1)-(3) were obtained using either Proc NESTED or Proc MIXED, as indicated. The correlation between pairs of VOCs was investigated with Spearman's coefficients via Proc CORR. Ratios of medians of the distributions of personal air concentrations and outdoor air concentrations, and the corresponding interquartile ranges, were estimated via Proc UNIVARIATE, using data only from subjects having both types of measurements. Fig. 1 shows median ratios and interquartile ranges of ratios of personal-to outdoor-air concentrations for the subset of subjects having both types of measurements. All personal/ outdoor ratios were greater than unity, with a typical VOC having a personal air concentration about twice the outdoor value (median ratio ¼ 2.10, range: 1.79-3.85).
Results
Personal/Outdoor Ratios
Air Concentrations Aggregated by City
The median 24-h air concentrations, as well as minima, maxima, and 25th and 75th percentiles, are given in Appendices C and D for the nine VOCs measured in five US cities based upon personal and outdoor measurements, respectively. Table 1 summarizes the highest and lowest median concentrations for these cities and gives the concentration ratio of the high city to the low city in each case. These high-/low-city concentration ratios were much smaller for personal measurements (median ¼ 3.06, range: 1.74-3.77) than for outdoor measurements (median ¼ 13.4, range: 5.06-987).
Correlations Between VOC Levels for Personal Measurements
Correlations of personal measurements were computed for pairs of the nine VOCs. Spearman's correlation coefficients (r s ) are given in Appendix E for 24-h data by city for all pairs of VOCs. The correlations tended to be small, with r s o0.5 in most cases; the only consistent exceptions were for ethylbenzene and o-xylene, where r s Z0.9 for all cities, except Devils Lake. Table 2 summarizes variance components, and the corresponding fold ranges and mean values, estimated from 24-h personal measurements under Model (1) (Proc NESTED). The results show the dominance of the estimated withinperson variance component in all cases (mean contribution ¼ 74.1% of the total variance), with the remaining variability partitioned between persons (mean contribution ¼ 15.7% of the total) and across cities (mean ¼ 10.2% of the total).
Exposure Variability Partitioned Across Cities and Between and Within Persons
Contributions of Seasonal Effects and Assay Errors
Seasonal effects were estimated under Model (2) for samples from NJ and CA and were highly significant for all nine VOCs (Po0.0001). The results are summarized in Table 3 as the air levels of the nine VOCs predicted during the measured seasons. For all chemicals, Los Angeles' air levels were greater in the winter than in the spring or summer. Seasonal differences in NJ samples, although less pronounced than those in CA, followed a similar pattern, with fall and winter 
(See Appendix A for sample sizes.).
exposures being greater than those in the summer for all compounds. As shown in Table 4 , the estimated variances (from Proc MIXED) representing seasonal effects (ŝ s Table 2 . Estimated variance components and mean values for nine VOCs from 24-h samples collected in five US cities. 
Comparisons Between Environmental and Occupational Exposures
We compared between-and within-person variance components, estimated separately for each of three cities (Bayonne, Elizabeth, and Los Angeles) under Model (3) using 12-h personal day and night measurements (Proc MIXED), with those compiled from occupational studies by Kromhout et al. (1993) for workers categorized by job and factory. These comparisons are illustrated in Figure 2 , which shows cumulative distributions of the fold ranges corresponding tô s s 2 B (top) andŝ s 2 W (bottom). Regarding the between-person cumulative distributions, fold ranges were similar for environmental and occupational exposures (median: 3.3-to 4.0-fold range between persons), although day exposures were noticeably more variable than night and occupational exposures in half the data sets. For the within-person cumulative distributions, fold ranges were much greater for environmental exposures (median: day ¼ 136-fold range within persons, night ¼ 80-fold range) than for occupational exposures (median ¼ 15-fold range), and day exposures were more variable than night exposures in 80% of the cases.
Sample Size Calculations
We used Eq. (5) were set equal to the estimates under Model (1) ( Table 2) ; and, the number n of measurements/subject was between 2 and 4, since it would generally be impractical to collect larger numbers of repeat measurements/subject. Various combinations of H, k, and n were evaluated to arrive at the minimum total number of measurements (Hkn) for values of y Table 5 , the number of personal measurements required for benzene would lie between 36 and 208, while those for perchloroethylene would lie between 312 and 2912. The disparity in sample sizes basically reflects the greater within-subject variability of perchloroethylene data compared to benzene data ( Table 2 ).
Discussion
The first TEAM studies represented a landmark in the assessment of environmental exposures to chemical substances (Wallace et al., 1988 (Wallace et al., , 1991 Wallace, 1987 Wallace, , 2001 ). These investigations ushered in personal monitoring to quantify environmental exposures accurately (personal sampling had been used in occupational settings since the 1960s (Sherwood and Greenhalgh, 1960) ), and they employed stratified random sampling to allow valid inferences to be drawn about the levels of exposure in the US population. The striking conclusion of the TEAM studies was that personal VOC measurements were poorly correlated with and, indeed, much larger in magnitude than outdoor air measurements (as shown in Figure 1 and Table 1) . Given the success of TEAM investigators in collecting personal measurements from members of the general public, it is surprising that so few subsequent studies of environmental VOCs have relied upon personal sampling. Rather, most investigators gathered 'microenvironmental' samples at fixed indoor and outdoor locations, in the apparent hope that such data would be highly correlated with personal VOC levels. However, in light of the extreme variability in VOC levels observed across indoor and outdoor environments, we expect only modest correlations to exist between personal and microenvironmental samples, save for members of the public who rarely leave their residences. For example, using data from an extensive study of VOC levels in many microenvironments 4 by Kim et al. (2001) , the ratio of high mean air concentration/low mean air concentration across microenvironments ranged from 22 to 234 with a median value of 68 (for 13 VOCs).
People are dynamic, moving from home to vehicle to workplace, visiting shops, bars, restaurants, and a host of other locations where sources and levels of VOCs vary tremendously. This notion is supported by our finding that daytime exposures to VOCs were much more variable than night time exposures across TEAM subjects (Figure 2 ). Given such diversity of locations and sources of exposure, the comprehensive investigation of microenvironments for a given VOC appears to be an open-ended and probably futile exercise. Thus, we encourage investigators to forsake microenvironmental measurements of VOCs in favor of personal measurements, a sentiment recently voiced by Kromhout and van Tongeren (2003) . Since passive monitoring devices allow subjects to measure their own VOC exposures with a minimum of professional involvement (Tielemans et al., 1999; Egeghy et al., 2000 Egeghy et al., , 2002 Liljelind et al., 2000 Liljelind et al., , 2001 , this goal is realistic.
Sources of VOCs
The TEAM studies identified a few associations between particular sources and VOC levels in Los Angeles (gleaned from questionnaires and location/activity diaries), notably those between smoking and aromatic hydrocarbons (benzene, ethylbenzene, styrene, and the xylenes) (Wallace et al., 1988) . Based upon the studies reviewed in Wallace (2001) plus more recent studies (Egeghy et al., 2000; Hoffmann et al., 2000; Kinney et al., 2002) , we suspect the following sources of the nine VOCs we investigated: benzene -active and passive smoking and gasoline (e.g., attached garages, automobile refueling, automobile exhaust); chloroformwashing clothes and bathing/showering; p-dichlorobenzene -moth crystals and deodorizers; ethylbenzene, styrene and o-xylene -driving and solvent use; methylchloroform and perchloroethylene -dry cleaned clothing & solvent use; and trichloroethylene -solvent use. (Note that solvent use can involve both occupational sources and residential use of commercial products.) The above-identified sources of VOC exposure further emphasize the relatively minor contributions of outdoor air to personal air levels.
Ranges of Exposure Across Cities
The median personal exposure levels for VOCs varied between three-and five-fold across the cities investigated (Table 1) . Upon closer inspection of these median (city) ð3:92ŝ sWÞ Þ containing 95% of the 24-h air concentrations experienced by a given person. ''Day'' and ''Night'' refer to 12-h environmental exposures of 9 VOCs from measurements reported by the TEAM study during daytime and nighttime, respectively. ''Occupational'' refers to shift-long personal measurements to 12 VOCs reported by Kromhout et al. (1993) .
4. The VOCs routinely measured above detection limits were 1,3-butadiene, benzene, toluene, ethylbenzene, p-, m-, and o-xylene, 1,3,5-trimethylbenzene, styrene, p-isopropyltoluene, 1,2,4-trimethylbenzene, p-dichlorobenzene, and naphthalene. Sampled locations included homes, offices, restaurants, pubs, department stores, cinemas, perfume shops, libraries, laboratories, train stations, trafficked roads, cars, trains, and buses.
Variability of VOC exposures Rappaport and Kupper exposure levels, no pattern could be discerned with regard to geographic differences or degrees of urbanization. For example, despite its small size and rural location, Devils Lake, ND registered the highest exposure level for methylchloroform, while Los Angeles, CA (the largest city) did not register the highest exposure level to any VOC.
Variance Components Related to Cities, Subjects, and Errors
While TEAM investigators explored associations between personal exposures to particular VOCs and some sources, they did not partition exposure variability into components that might be used to optimize exposure assessment strategies. Assuming that the five cities in our study represent a random sample of all possible US cities, we applied Model (1) to estimate components of variation associated with cities, persons (within cities), and random variation (within persons). The results, summarized in Table 2 , are intriguing because the estimated within-person variance component represented, on average, about three-fourths of the total observed variability for these compounds. This indicates that fluctuations in air levels experienced by a typical person over time were greater than the combined variation arising from cities and individuals. Nonetheless, collective differences in subject-specific factors were sufficient to offer reasonable contrast for epidemiological investigations, except for perchloroethylene, styrene, and o-xylene. This is illustrated in Table 2 by the magnitude of the estimated across-city and between-person fold ranges, at least one of which was large for six of the nine VOCs.
Contributions of Seasonal Effects and Assay Errors
Given the large contribution of the estimated within-person variance component to the overall variation in personal exposure to VOCs, we investigated two effects that should contribute to s 2 W , namely, the season of the year and random assay errors. Seasonal effects were readily apparent in the application of Model (2) to personal measurements of all chemicals in Los Angeles and New Jersey (Table 3) . Kinney et al. (2002) noted that VOC exposures tended to be higher in the winter than in the summer in New York City, possibly because of reduced air-exchange rates in homes and work places during the colder months. This explanation is not entirely consistent with our results, because the contribution of seasonal variation toŝ s 2 W was greater in Los Angeles (median ¼ 12.4%), where the winters are mild, than in New Jersey (median ¼ 0%), where the winters are cold. In any case, seasonal effects contributed only marginally to the within-subject variance component in our data. Likewise, assay errors were small, contributing only 1.0-7.8% ofŝ s 2 W . The combined contributions of seasonal effects and assay errors toŝ s 2 W ranged between 1.3 and 31.7% with a median value of only 7.7%. Thus, we conclude that seasonal effects and assay errors contributed little to within-subject variability in the TEAM studies.
Comparisons Between Environmental and Occupational Exposures
Since random-and mixed-effects models have been widely used to estimate between-and within-person variance components from occupational exposures to VOCs (defined by job and factory), we wished to compare the cumulative distributions ofŝ s 2 B andŝ s 2 W (reported in occupational groups by Kromhout et al. (1993) ) with those observed here from environmental groups (defined by city). As shown at the top of Figure 2 , the cumulative distributions representing between-person variability were quite similar for occupational and environmental exposures to VOCs. We conclude from this that the variation in exposure to VOCs between residents in a given city is comparable to that observed between workers in a given factory and job. The cumulative distributions suggest that VOC exposure typically varies about three-to four-fold between persons in a given city, but varies more than 20-fold in about a quarter of the cases. These systematic differences in exposure to a particular VOC across city residents can be identified and used for epidemiological purposes in much the same manner that tasks or work locations are exploited to assign groups in occupational epidemiology (e.g., see Burstyn et al., 2002, Kromhout et al., 1994; Kromhout and Heederik, 1995) . Nonetheless, Hoffmann et al. (2000) reported models that explained 39% of the variation in environmental exposure levels for benzene and 60% of the variation in exposure levels for ethylbenzene and the xylenes. The major difference between occupational and environmental VOC exposures relates to the extreme variability of environmental VOCs within persons (bottom of Figure 2 ). Indeed, a typical environmental study would record exposure varying within subjects by about 100-fold from one survey to the next (day ¼ 136-fold, night ¼ 80-fold), while a typical occupational study would find only about 15-fold variation. One reason for the greater within-subject variation of TEAM subjects is probably the fact that some of these persons were exposed both in and out of the workplace (Wallace, 1991) . However, occupational exposures would have occurred primarily during daytime; and since both day and night exposures reflected much greater within-person variation than occupational exposures, the contributions of workplace sources to our analyses were probably minor. However, regardless of its origins, within-person variability can lead to nonignorable bias effects (from exposure measurement errors) in studies of exposure-related health effects (e.g., see Navidi et al., 1994; Navidi and Lurmann, 1995; Spiegelman et al., 1997; Armstrong, 1998; Zeger et al., 2000) ; thus, larger sample sizes would be needed to assess accurately exposureresponse relationships in environmental studies as compared to occupational studies. This issue will be considered next.
Sample Size Requirements
To illustrate one epidemiological application of our work, we predicted sample sizes needed to detect a true positive association between a continuous health outcome and a VOC exposure, after grouping by city. The enabling relationship (Eq. (5)) predicts total sample sizes (Hkn) involving H cities, k subjects per city, and n personal measurements per subject. As representative VOCs, we chose benzene and perchloroethylene, two carcinogenic substances that represent extremes of likely contrast for epidemiological studies, based upon the estimated variance components from the TEAM data. In particular, the proportions of total variation explained byŝ s 2 a andŝ s 2 B were much larger for benzene than for perchloroethylene (Table 2) . Since large across-city and between-person variance components help to reduce biasing measurement error effects under Model (4), we anticipated that values of Hkn predicted under Eq. (5) would be much smaller for benzene than for perchloroethylene. This was, in fact, the case, with values of Hkn for benzene being about 1/ 10th those for perchloroethylene at a given value of y (Table 5) . From the estimated variance components given in Table 2 , it appears that the sample size requirements for benzene and perchloroethylene should bracket, in general, the likely range required for VOCs.
Sample sizes predicted for benzene were surprisingly modest, with a predicted range of 36-208 personal measurements for values of y 2 1 =s 2 e between 0.25 and 4. Such numbers should be achievable in most investigations. The corresponding predictions for perchloroethylene were much larger (312-2912 personal measurements) and could well be beyond the reach of many investigators unless y 2 1 =s 2 e were large. The relationship shown in Eq. (5) assumes a grouped analysis with city as the grouping variable. Other types of grouping could be preferred in some cases. For example, since environmental exposure to benzene is heavily influenced by cigarette smoking, one could envision grouping by smoking status and by categories of exposure to environmental tobacco smoke. It would also be possible to perform similar calculations assuming an individual-based study where the continuous health outcome would be regressed directly upon the individual exposure level, using a sample of subjects randomly selected from the population. Tielemans et al. (1998) provide relationships that can be used, along the lines shown in Appendix B, to predict sample sizes for individual-based studies.
Limitations of our Study
Since our analyses employed secondary data, they are not without limitations. In particular, we only had access to about half of the TEAM data described in published reports (cited in the Introduction). Also, our random effects models assume that days, subjects, and cities represent random samples from the US population and, since the TEAM studies employed stratified probability sampling, we cannot be sure to what extent randomness assumptions were satisfied, particularly across the cities represented in the public database. The public database also did not include information about subjects' occupations, activities, smoking, and mobility that might have explained some sources of variability. Finally, the number of subjects with repeated measurements was relatively small (typically about 100 for a given VOC) and repeated measurements were not available from two of the five cities represented (Devils Lake and Greensboro).
In conclusion, we used data from early TEAM studies to show that random-and fixed-effects models can be applied to environmental VOC exposures in much the same manner as they are to occupational VOC exposures. The key to such applications is the collection of repeated measurements from representative persons grouped, as desired, by location (e.g., city) or lifestyle factors. We found sufficient variability in levels of most VOCs across cities and between subjects to provide reasonable contrast for epidemiology studies. Yet, the estimated within-subject variance component was large for environmental VOC data, indeed, much larger than for occupational VOC data. Since within-subject variability leads to biasing measurement error effects when assessing exposure-response relationships, we caution epidemiologists to be wary of investigating the effects of environmental VOCs without having preliminary data with which to partition exposure variability into appropriate variance components. Using estimated across-city, between-person, and withinperson variance components from the TEAM data, we calculated the numbers of personal measurements needed to investigate exposure-response relationships for environmental exposures to benzene and perchloroethylene. Under simple but realistic assumptions about the true regression model (relating exposure level to health outcome), the calculations suggest that sample sizes needed for valid and precise epidemiology studies would be readily achievable for benzene, but not for perchloroethylene. Appendix B. Derivation of a relationship to predict sample sizes Assume exposure Model (1) with k h ¼ k subjects in the hth city (h ¼ 1, 2, y, H43) and n hi ¼ n measurements/subject), and assume that each person is assigned his/her city's observed mean (log-scale) exposure
(since m yhi is unobservable in Model (4)), where
is the observed (log-scale) mean exposure for the ith person in the hth city. Then the unweighted least-squares estimator of b 1 in Model (4), using a group-based analysis, iŝ y y
Using relationships given by Tielemans et al. (1998) Varðŷ y
After substituting for c and SEðb
After some manipulation, this leads to Eq. (5) in the text.
Appendix C.
Statistics for VOC concentrations (mg/m 3 ) from 24-h personal measurements in five US cities (1981) (1982) (1983) (1984) (1985) (1986) (1987) are summarized in Table C1 . 
Appendix D.
Statistics for VOC concentrations (mg/m 3 ) from 24-h outdoor measurements in five US cities (1981) (1982) (1983) (1984) (1985) (1986) (1987) are summarized in Table D1 . Appendix E.
Spearman's correlation coefficients for 24-h personal measurements of nine VOCs in five US cities are summarized in Table E1 . See Appendix A for nominal sample sizes. 
